Whether movement will enable organisms to alleviate thermal stress is central to the biodiversity implications of climate change. We use the temperaturedependence of ectotherm performance to investigate the fitness consequences of movement. Movement to an optimal location within a 50 km radius will only offset the fitness impacts of climate change by 2100 in 5 per cent of locations globally. Random movement carries an 87 per cent risk of further fitness detriment. Mountainous regions with high temperature seasonality (i.e. temperate areas) not only offer the greatest benefit from optimal movement but also the most severe fitness consequences if an organism moves to the wrong location. Doubling dispersal capacity would provide modest benefit exclusively to directed dispersers in topographically diverse areas. The benefits of movement for escaping climate change are particularly limited in the tropics, where fitness impacts will be most severe. The potential of movement to lessen climate change impacts may have been overestimated.
Introduction
Species have moved to different extents and in different directions during past climatic changes [1] . In response to the challenges of projecting these individualistic distribution shifts, several recent analyses have focused on detailed characterizations of the geography of climate change without consideration of biology. These analyses have highlighted the challenges posed to organisms by novel and shifting climates [1] [2] [3] [4] . One conclusion stemming from the geography of climate change is that biological impacts will be most severe at temperate and polar latitudes, where the magnitude of climate change is predicted to be the greatest [5, 6] .
The benefits of movement will depend not only on spatial patterns of climate change but also on the ability of organisms to withstand changes. Incorporating all the aspects of a species biology that determines its response to climate change at broad scales is intractable, but we can consider the implications of gradients in physiology. Limited seasonality in the tropics selects for organisms to specialize their performance over a narrow thermal range [7] . Thus, the latitudinal gradient in thermal performance breadth (greater thermal specialization in the tropics) runs counter to the climate change gradient (greater magnitude of climate change in temperate and polar regions) [8] . The interactions between these two gradients pose a challenge for understanding the biodiversity implications of climate change. A number of recent analyses [8] [9] [10] [11] considering the temperaturedependence of fitness and thermal tolerance have concluded that tropical species may be most severely harmed by climate change as they are pushed beyond their narrow thermal safety margin. Latitudinal movements do little to enable tropical species to escape thermal stress owing to the weak latitudinal gradients in temperature [12] . Shifts upward in elevation may offer a refuge for tropical species in topographically diverse regions [13, 14] . As many organisms will be unable to disperse to remain in constant thermal niches [15, 16] , it is essential to understand the fitness consequences of movement within realistic dispersal distances.
Here, we investigate the fitness consequences of population movement to avoid thermal stress. We do so using the temperature-dependence of population growth rates for insects generalized across latitudes by accounting for seasonality by Deutsch et al. [9] . This approach should be broadly indicative for ectotherms and focuses on whether the climate in a colonized cell is suitable for population persistence. We omit other important issues such as whether dispersal ability and landscape connectivity would enable a species to reach the new location, whether the habitat would be suitable in the new location and coupling between cells. We consider the movement of populations as would occur with an established distribution shift rather than with the initial colonization of individuals. Our fitness estimates include density-dependent effects that would not be incurred by the initial colonists and do not account for local adaptation of thermal physiology across a range.
We ask (i) what are the mean and maximum of the fitness change that could be achieved and (ii) what proportion of moves would result in a fitness increase by populations moving in response to climate change? The mean fitness change is indicative of the expectation for a population moving in a random direction to escape thermal stress, whereas the maximum fitness change is indicative of a population able to move to the optimal location. Because populations may persist if even a few individuals move to desirable locations, the maximum fitness advantage may be more informative than the mean. We calculate the proportion of moves that would result in a fitness advantage to assess the expectation that poleward movements can alleviate thermal stress associated with climate change [17] . The mean fitness advantage additionally considers the magnitude of fitness change. We assume two biologically realistic maximum dispersal distances (50 and 100 km) in response to climate changes by 2100. This range corresponds to observed rates of distribution shifts in response to recent climate change (mean of 6.1-17.6 km dec
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) [18, 19] . Our analysis accounts for both spatial gradients in physiology and the fitness consequences of annual temperature variation.
Material and methods (a) Climate data
We analyse 10 0 grid cells, a resolution that balances meaningful climatology and sufficient resolution for investigating the influence of topography. As a climate baseline, we use temperature averages for the late-twentieth century (1950 ( -2000 Research Unit CL 2.0 high-resolution) [20] . We assume that body temperatures are equal to air temperatures, which is reasonable for small insects but not larger ectotherms. Deutsch et al. [9] confirmed that their initial analysis was robust to this assumption. We model hourly temperatures with a sine curve approximation based on global monthly surface air temperatures and diurnal temperature ranges. We omit the potentially important fitness impacts of weather extremes and variability. We assume that diurnal temperature range will retain its seasonal and geographical patterns into the twenty-first century. We thus model future temperatures by adding anomalies projected for 2070 -2100 by a simulation from the Geophysical Fluid Dynamics Laboratory model CM2.1 [21] . These projections are forced by a mid-range (A2) greenhouse gas emissions scenario and included in the intergovernmental panel on climate change fourth assessment report [22] . The large-scale characteristics of the climate model projections relevant to the fitness consequences of climate change, such as a greater magnitude of temperature increase in polar areas, are similar between climate models.
(b) Fitness curves
Deutsch et al. [9] estimated thermal performance curves describing fitness (intrinsic population growth rates, r) as a function of temperature. The asymmetric curves include a Gaussian rise in performance up to the optimal temperature, T opt , and a quadratic decline to zero performance at CT max [23] :
where s p is a function of the asymmetry of the curve and represents the degree below T opt that fitness declines towards zero. They fitted least-squares estimates of the three parameters (s p , T opt and CT max ) for 46 insect species. Deutsch et al. [9] then extrapolated the thermal fitness curves from individual locations to the global scale by developing empirical relationships between the three estimate parameters and the seasonal climate variability at individual grid cells. T opt and CT max were empirically interpolated, and the asymmetry was fixed to a value realistic for insects to interpolate s p .
(c) Movement
For each cell, we identified all cells with centroids within two maximum dispersal distance radii (50 and 100 km). We used the focal cell's fitness curve to calculate fitness following twenty-first century warming in each potential destination cell (figure 1). We calculated the fitness advantage of moving by subtracting fitness in 2100 within the focal cell from that in the destination cell (P neighbour_2100 2 P focal_2100 ). We then calculated the mean and maximum of this quantity across all neighbours along with the proportion of moves that would result in a fitness advantage. Our analysis addresses the relative fitness consequences of population movement rather than whether a population would need to move to persist through climate change. Populations, particularly in temperate areas, may not face thermal stress as a result of climate change even in the absence of thermal adaptation.
Species in temperate regions tend to live in environments with mean temperatures below their thermal optimum. Variable temperate environments combined with the severe fitness declines associated with overheating may account for this pattern [24] . Additionally, if fitness increases in warmer environments ('hotter-is-better'), then fitness may be maximized when the optimal temperature exceeds environmental temperatures even in constant environments [25] . In current climates, temperate species may increase their fitness by moving according to our model [9] . This may be because we do not account for interannual temperature variability and for fitness declines when temperatures exceed the critical thermal limits. We correct our estimates of the mean fitness advantage of movement by 2100 for this fitness detriment. If there is a fitness advantage of moving in current climates, then we subtract this quantity (P neighbour_2000 2 P focal_2000 ) from our estimate of the mean fitness consequence of movement in response to climate change.
We calculated rugosity as both the average elevation change between the focal cell and neighbouring cells [26] and the coefficient of variation in elevation in the neighbourhood. We calculated temperature seasonality as the coefficient of variation and standard deviation Â 100 of monthly temperatures within each cell.
Results
Movement within a 50 km radius will not allow populations to escape the fitness impacts of climate change in most areas. Even if a population manages to move to its optimal location, then the fitness advantage of movement is modest (mean and median of maximum fitness advantage ¼ 0.012, 0.008; figure 2 ). Such optimal movement would offset 3.3-60% of the fitness change owing to climate change (10% and rspb.royalsocietypublishing.org Proc R Soc B 280: 20131149 90% quantiles; mean ¼ 40%; median ¼ 13%) and completely offset the fitness change for only 5 per cent of cells. On average, a population moving randomly in response to climate change will face a further fitness detriment (mean and median of mean fitness advantage ¼ 20.007, 20.002). The mean fitness advantage of movement compensates for the fitness impacts of climate change for only 0.1 per cent of cells (10% and 90% quantiles: 238% and 0.1%; mean ¼ 243%; median ¼ 23%). The proportion of moves that result in a fitness advantage is relatively constant across cells (25% and 75% quantiles: 35% and 57%; 10% and 90% quantiles: 20% and 71%), and the mean (46%) and median (47%) values are similar to the expectation that movement in one direction (often poleward or upward in elevation) is beneficial. We confirmed that our results are robust to the spatial resolution of our analysis by repeating the analysis for a portion of South America at a resolution of 1 km (see the electronic supplementary material, figure S1 ). While the high-resolution analyses reveal greater spatial variability in the fitness advantages of movement, the results are qualitatively similar.
Spatial and seasonal temperature variability interact to determine where populations have the most to gain from movement (see the electronic supplementary material, figure S2 ). While the mean fitness advantage is highest in topographically uniform areas with high temperature seasonality, the maximum fitness advantage is highest in topographically diverse regions with limited temperature seasonality ( figure 3a,b) . At a particular value of topographic rugosity, those cells that are more seasonal (further poleward (figure 3c) . Overall, mountainous regions offer the most refuge for directed movers, but the most fitness risk if a population moves the wrong direction. Do these effects result in a latitudinal gradient in the potential to use movement to escape the fitness impacts of climate change? Temperate areas with highly seasonal temperatures will experience the greatest warming, but climate change is expected to increase the fitness of populations in these areas (see the electronic supplementary material, figure S3 ). The absolute fitness advantage of movement varies little with latitude (figure 2). However, latitudinal patterns exist when examining the relative fitness impacts of movement in relation to the impacts of climate change, because the climate change impacts have the largest magnitude in the tropics (see the electronic supplementary material, figure S4 ). Movement in temperate areas has the greatest potential to offset climate change impacts, but the fitness consequences are the most severe if species fail to move to an appropriate location. By contrast, movement in the tropics will have little impact on the fitness outcome of climate change in most areas. In temperate areas (208-608 N and S), the mean of the fitness advantage of movement ranges from 214 per cent to 21 per cent (25% and 75% quantiles) and the maximum ranges from 7% to 30% of the fitness impacts of climate change. In tropical areas (08-208 N and S), the mean of the fitness advantage of movement ranges from 25 per cent to 0 per cent (25% and 75% quantiles), and the maximum ranges from 3 per cent to 13 per cent. The percentage of fitness increase achieved by optimal movement also varies latitudinally owing to higher fitness in the tropics. In only 7 per cent of locations in the tropics and 18 per cent of locations in temperate areas would a move to an optimal location improve population fitness by 5 per cent. Opportunities to increase fitness are rare on the landscape.
Doubling the movement radius in our analysis primarily benefits directed dispersers in topographically diverse areas ( figure 4(b) ; maximum fitness advantage). By contrast, the benefits of moving further are low for non-directed dispersers in topographically diverse areas ( figure 4(a) ; mean fitness advantage). In only 33 per cent of cells would increasing movement from 50 to 100 km increase the mean fitness. Moving further will have a small impact on the ability of species to compensate for the fitness consequences of climate change. The maximum fitness advantage would offset the fitness impact of climate change for only 10 per cent of cells (see the electronic supplementary material, figure S5 ). The maximum fitness advantage of such movement ranges from 7 per cent to 101 per cent (10% and 90% quantiles; mean ¼ 122%; median ¼ 25%). The mean fitness advantage of movement compensates for the fitness impacts of climate change for only 0.04 per cent of cells (10% and 90% quantiles: 245% and 8%; mean ¼ 236%; median ¼ 23%).
Discussion
Our analysis questions the potential for movement to alleviate the fitness impacts of climate change. Many approaches to predicting the biodiversity implications of climate change that do not explicitly consider fitness suggest that dispersal may be crucial to the maintenance of biodiversity [15] . For example, an analysis using species distribution models [27] estimated that the 21-23% species 'committed to extinction' by 2050 would increase to 38-52% without unlimited dispersal. Species distribution models estimate whether a species will remain in its niche and extinction is assumed when an organism looses all or a substantial portion of its range area, whereas our model explicitly examines fitness changes. We argue that our quantification of changes in population growth is relevant and perhaps more informative for estimating extinction risk, because small populations face increased extinction in response to demographic and environmental stochasticity. Our approach addresses the fitness consequences of population movement rather than range shifts per se, although the fitness consequences are related to the viability and consequences of a range shift. Both approaches generally omit barriers to movement. Indeed, dispersal rates may be insufficient for organisms to track their environmental niche [16] . Our analysis, which incorporates spatial gradients in physiology and annual temperature fluctuations, suggests that the ability of migration to mitigate fitness detriment in response to climate change will be modest.
Moving is not always a viable way to reduce the impact of climate change in part because populations are already generally well adapted to local thermal environments, and because there are more ways to reduce fitness than increase fitness through movement (e.g. changes in thermal regimes from one place to another can create scenarios where organisms can move past their peak fitness zones; electronic supplementary material, figure S5 ). Movement is most advantageous in areas where populations can access locations that have warmed substantially less than the location they are in currently, and where populations can access climates that are currently cooler, but, under warming, will be as warm as current climates (near mountains). Even our modest estimates of the fitness advantages of movement may be overestimates as they are based on temperature alone [17] . The environmental niches available on mountains are likely to experience complex changes as temperature and precipitation shift independently [28, 29] . We note that our approach assumes that the temperature-dependence of fitness remains constant over time. Thermal acclimation and adaptation to new mean climate conditions, variability and seasonality over the course of a movement trajectory may augment the viability of movement as a response to climate change. Such mechanisms may account for the prevalence of distribution shifts in response to recent climate change [18] . The degree to which individuals are able to use movement to lessen fitness detriment associated with climate change depends strongly on their ability to use directed movement to disperse to new locations with higher fitness [30, 31] . However, populations of non-directed dispersers may realize close to the maximum fitness benefit of moving if a substantial fraction of their individuals move in a beneficial direction. Our findings confirm the potential for mountains to offer a refuge for organisms facing thermal stress [13, 14] . However, they also highlight that the steep temperature gradients in mountainous areas represent a fitness risk for populations that disperse to suboptimal locations. Resurveys demonstrate that some species have managed to track their thermal niches upslope [32, 33] . Others may be prevented from doing so or displaced by competitors [8, 34] . Our findings support concerns in the debate over assisted colonization regarding whether researchers can accurately predict appropriate locations to which to move populations [35] . The fitness consequences of choosing a location poorly may be severe.
The shallow spatial and seasonal temperature gradients in the tropics limit the ability of tropical species to escape climate change. Temperate species have the potential to either be substantially harmed or assisted by moving in response to climate change. This is consistent with temperature variability substantially influencing fitness in temperate environments [9, 24, 25] . Our coarse examination does not address potential fitness hurdles to movement. Janzen proposed that 'mountain passes are higher in the tropics', because thermal specialization may prevent dispersal and reduce the potential for tropical organisms to evade climate change impacts via movement [7] . Indeed, greater isolation by distance in tropical species suggests reduced dispersal in the tropics [36] . Some more detailed analyses of tropical elevation gradients offer a more optimistic view of the potential for organisms to escape climate change by moving upslope [14] , but others highlight the potential for species to be pushed off mountain tops [12] . These approaches do not explicitly consider fitness.
Our finding that the fitness consequences of moving in response to environmental change are spatially complex is consistent with the individualistic distribution shifts observed in response to past environmental change [1, 37] . Indeed, we do not detect a strong latitudinal signal in the fitness consequences of movement. The spatial complexities are certainly underestimated due to our omission of factors inhibiting movement, such as barriers and habitat suitability, and factors that eliminate the need to move, such as local adaptation of thermal physiology. Despite these simplifications, the complex fitness consequences of population movement point to the importance of considering thermal physiology when evaluating environmental niches and predicting the implications of environmental change. National Evolutionary Synthesis Center, a centre supported by the NSF (grant no. EF-0423641). We thank working group members, particularly M. Angilletta and J. Kingsolver, for helpful comments and discussions.
